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Outline

• The beginnings

• The successes

• The challenges

• The mission for the next decade

From atoms (V century B.C.) to quarks; 
atoms, void and geometry

Symmetry; QCD as the gauge theory of strong interactions; 
asymptotic freedom; hard processes; strong color fields

Confinement; chiral symmetry breaking; extreme QCD:
temperature, density, energy; the spin; void and geometry

From particles to fields: collective phenomena 
as the essence of QCD; the measurements



ἄτομος   un - cuttable, indivisible

α-

The beginnings

Λεύκιππος
Leucippus, V B.C. Δημόκριτος

Democritus, ca 460 -370 B.C.

Everything consists of 

    Atoms and Void

τέμνω



Everything consists of 

    Atoms and Void

     “Atoms”,
ca 2010 A.D.

      Void,
ca 2010 A.D.



Πλάτων
Plato, 428-348 B.C.

Atoms and Geometry, IV B.C.

Fire Air Water Earth



Atoms and Geometry, 2010 A.D.

Gauge theories “live” in a fiber bundle space that 
possesses non-trivial topology (knots, links, twists,...) 

Möbius strip, the simplest nontrivial example of a fiber bundle

Riemannian connection

Curvature tensor Field strength tensor

Gauge field
PhysicsGeometry



“Physical objects and physical events are 
only "shadows" of their ideal or perfect forms, 
and exist only to the extent that they 
instantiate the perfect versions of themselves”
                        Socrates, in Platoʼs “Republic”

Socrates (Σωκράτης)
469 - 399 B.C.

       The metaphor of the cave, 380 B.C. 

“The prisoners would take the shadows to be real things and the echoes to be real 
sounds, not just reflections of reality, since they are all they had ever seen or heard.”



     The metaphor of the cave, 2010 A.D. 

“The prisoners would take the shadows to be real things and the echoes to be real 
sounds, not just reflections of reality, since they are all they had ever seen or heard.”

Black hole



The successes

QCD = quarks + geometry

Elegant, consistent, and correct theory



At short distances, 
the strong force becomes weak 
(anti-screening) -
one can access the “asymptotically 
free” regime in hard processes

and in super-dense matter
(inter-particle distances ~ 1/T)

number 
of colors

number
of flavors

But: Strong confining interaction at large distances

Asymptotic Freedom:
“atoms” revealed



Asymptotic Freedom

Y.Lai, PHENIX Coll, June 2010



Where do we stand?
(V B.C.)

“Atoms”
 Geometry
 Void 
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Where do we stand?
(2010 A.D.)
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“Atoms” identified: quarks and leptons
 Geometry (gauge field dynamics)
 Void (the structure of the vacuum)

The next step: 
from particles (“atoms”) to fields (geometry)



QCD: understanding the dynamics 
of  gauge fields (geometry) 
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 Weak/vacuum fields
 Strong static fields 
 Real-time dynamics
 Gauge fields with boundary 
conditions/ event horizons
 Low-energy effective Theory 
of Everything: hydrodynamics
 Topology of gauge fields

 Spin, parton fragmentation
 Small x distributions in nuclei 
 EM probes, jets, heavy quarks
 Bulk behavior, soft photons 
and dileptons 
 Transport properties: shear 
and bulk viscosities, vorticity
 Local parity violation, spin

Problem Measurements at RHIC



Asymptotic freedom and 
strong color fields 

B

The effective potential: sum over 2D Landau levels

1. The lowest level n=0 of radius                     is unstable!
                                                               
2.   Strong fields           Short distances  
                                                                                                  

Paramagnetic response of the vacuum:

H

V

Instability of perturbative
QCD vacuum;
What is the true ground state?



QCD and the classical gauge fields

.i

Classical dynamics applies when the action                          is large
in units of the Planck constant (Bohr-Sommerfeld quantization)  

=> Need weak coupling and strong fields weak
field

strong
field

(equivalent to setting                ) 

Weak coupling     perturbation theory!!=
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The origin of classical background field 

Gluons with large rapidity and large occupation number
act as a background field for the production of slower gluons

static field sources

“Color Glass Condensate” 

Measurements:
suppression of hard processes at forward y;
depletion of back-to-back (quantum) correlations



Measuring the strength of 
evolving color fields
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About the same
behavior of heavy
and light quarks -
the color field
is very strong, 

F ~ mc2

may be weakly
coupled but
not perturbative

PHENIX Coll.,
arXiv:1005.1627



Measuring the strength of 
color fields
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About the same
behavior of heavy
and light quarks -
the color field
is very strong, 

F ~ mc2

may be weakly
coupled but
not perturbative

PHENIX Coll.,
arXiv:1005.1627

To calibrate 
the field strength,
must separate
b from c
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Jets and leading hadrons:
measuring the strength of color fields

Measurement:
modification of
jet shape?



Phase transitions:

deconfinement

Chiral symmetry
restoration

UA(1) restoration

Data from lattice QCD simulations  F. Karsch et al

QCD at high temperatures:
gauge fields with boundary conditions

Is T~200 MeV “hot” or “cold”? The answer depends 
on the strength of interactions and gauge field dynamics



Phase transitions:

deconfinement

Chiral symmetry
restoration

UA(1) restoration

Data from lattice QCD simulations  F. Karsch et al

QCD at high temperatures:
gauge fields with boundary conditions

By convention hot, by convention cold, 
but in reality atoms and void; 
and also in reality we know nothing, since the truth is at bottom. 
                                                                                             Democritus
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Low-energy effective ToE: hydrodynamics

Caveman’s view:   
 Shear viscosity

 Bulk viscosity

 Rate of topological     
transitions            

Holographic view:

Particle contents of 
supergravity:
gravitons, dilatons,
axions

       AdS5 “Reality”:
 Graviton propagation

 Dilaton propagation

 Axion propagation



     Topology of gauge fields

Gauge theories “live” in a fiber bundle space that 
possesses non-trivial topology (knots, links, twists,...) 

Möbius strip, the simplest nontrivial example of a fiber bundle

Riemannian connection

Curvature tensor Field strength tensor

Gauge field
PhysicsGeometry



Topology of gauge fields: 
Chern-Simons forms

What does it mean for a gauge theory? 

Riemannian connection

Curvature tensor Field strength tensor

Gauge field
PhysicsGeometry

SCS =
k

8π

∫

M
d3x εijk

(
AiFjk +

2
3
Ai[Aj , Ak]

)

Abelian
(magnetic helicity)

non-Abelianbreaks Parity invariance
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Black hole

D.Son, 
A.Starinets
hep-th/
020505

Topology at strong coupling: holographic view
Chern-Simons number
diffusion rate
at strong coupling

NB: This calculation is 
completely analogous 
to the calculation of 
shear viscosity: 
“perfect liquid”
contains strong
topological 
fluctuations
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D-instanton as 
an Einstein-Rosen
wormhole;
the flow of RR charge
down the throat of 
the wormhole describes 
change of chirality

D-instantons as a source of multiparticle production in N=4 SYM?
DK, E.Levin, arXiv:0910.3355

Topology at strong coupling: holographic view



Is there a way to observe topological charge 
fluctuations in experiment?

Relativistic ions create
a strong magnetic field:

H
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Heavy ion collisions as a source of the strongest 
magnetic fields available in the Laboratory

DK, McLerran, Warringa, 
Nucl Phys A803(2008)227

In a conducting
plasma, Faraday
induction can make
the field long-lived:
K.Tuchin, arXiv:1006.3051

Vorticity! Develop
MHD of QCD fluid



The first pair of Maxwell equations (which is a consequence of the fact that
the fields are expressed through the vector potential) is not modified:

∂µF̃
µν = Jν . (21)

It is convenient to write down these equations also in terms of the electric "E
and magnetic "B fields:

"∇× "B − ∂ "E

∂t
= "J + c

(
M "B − "P × "E

)
, (22)

"∇ · "E = ρ + c"P · "B, (23)

"∇× "E +
∂ "B

∂t
= 0, (24)

"∇ · "B = 0, (25)

where (ρ, "J) are the electric charge and current densities. One can see that
the presence of Chern-Simons term leads to essential modifications of the
Maxwell theory. Let us look at a few known examples illustrating the dy-
namics contained in Eqs(22),(23),(24),(25).

4.2.1. The Witten effect
Let us consider, following Wilczek [10], a magnetic monopole in the pres-

ence of finite θ angle. In the core of the monopole θ = 0, and away from
the monopole θ acquires a finite non-zero value – therefore within a finite
domain wall we have a non-zero "P = "∇θ pointing radially outwards from
the monopole. According to (23), the domain wall thus acquires a non-zero
charge density c"∇θ · "B. An integral along "P (across the domain wall) yields∫

dl ∂θ/∂l = θ, and the integral over all directions of "P yields the total mag-
netic flux Φ. By Gauss theorem, the flux is equal to the magnetic charge of
the monopole g, and the total electric charge of the configuration is equal to

q = c θ g =
e2

2π2
θ g =

e

2π2
θ (eg) = e

θ

π
, (26)

where we have used an explicit expression (13) for the coupling constant c,
as well as the Dirac condition ge = 2π × integer.
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Assuming that the domain walls are thin compared to the distance L between
them, we find that the system possesses an electric dipole moment

de = c θ (B · S) L =
∑

f

q2
f

(
e

θ

π

) (
eB · S

2π

)
L; (29)

in what follows we will for the brevity of notations put
∑

f q2
f = 1; it is easy

to restore this factor in front of e2 when needed.

!B

!E

∼ + eθ
π · eB

2π

∼ − eθ
π · eB

2π

θ != 0

θ = 0

θ = 0

Figure 2: Charge separation effect – domain walls that separate the region of θ != 0 from
the outside vacuum with θ = 0 become charged in the presence of an external magnetic
field, with the surface charge density ∼ eθ/π · eB/2π. This induces an electric dipole
moment signaling P and CP violation.

Static electric dipole moment is a signature of P , T and CP violation (we
assume that CPT invariance holds). The spatial separation of charge will
induce the corresponding electric field #E = c θ #B. The mixing of pseudo-
vector magnetic field #B and the vector electric field #E signals violation of P ,
T and CP invariances.
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!P ≡ !∇θ



Holographic CME:
is the current renormalized at strong coupling?

H.-U. Yee, arXiv:0908.4189,
JHEP 0911:085, 2009
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asymmetry can be investigated experimentally using the
observables proposed in Ref. [24]. Preliminary data of the
STAR collaboration has been presented in Refs. [25, 26].
Implications of the Chiral Magnetic Effect on astrophys-
ical phenomena have recently been discussed in Ref. [27];
another astrophysical implication can be found in [28].

A system of massless fermions with nonzero chirality
can be described by a chiral chemical potential µ5 which
couples to the zero component of the axial vector current
in the Lagrangian. The induced current in such situa-
tion can be written as j = σχB, where σχ is the Chiral
Magnetic conductivity. For constant and homogeneous
magnetic fields its value is determined by the electro-
magnetic axial anomaly and for one flavor and one color
equal to [22, 29, 30] (see also [31])

σχ(ω = 0,p = 0) ≡ σ0 =
e2

2π2
µ5, (2)

where ω and p denote frequency and momentum respec-
tively, and e equals the unit charge. For a finite number
of colors Nc and flavors f one has to multiply this result
by Nc

∑
f q2

f where qf denotes the charge of a quark in
units of e. The generation of currents due to the anomaly
in background fields or rotating systems is also discussed
in related contexts in Refs. [31–35].

For constant magnetic fields which are inhomogeneous
in the plane transverse to the field one finds that the total
current J along B equals [22],

J = e
⌊eΦ

2π

⌋Lzµ5

π
, (3)

where Lz is the length of the system in the z-direction
and the flux Φ is equal to the integral of the magnetic
field over the transverse plane,

Φ =
∫

d2x B(x, y). (4)

The floor function "x# is the largest integer smaller than
x. The quantity "eΦ/(2π)# in Eq. (3) is equal to the
number of zero modes in the magnetic field [36].

To compute the current generated by a configuration
of specific topological charge, one should express µ5 in
terms of the chirality N5. By using the anomaly relation
one can then relate N5 to the topological charge. This is
discussed in detail in Ref. [22].

The aim of this paper is to study how a system with
constant nonzero chirality responds to a time dependent
magnetic field. This is interesting for phenomenology
since the magnetic field produced with heavy ion colli-
sions depends strongly on time. To obtain the induced
current in a time-dependent magnetic field, we will com-
pute the Chiral Magnetic conductivity for nonzero fre-
quencies and nonzero momenta using linear response the-
ory. We will compute the leading order conductivity and
leave the inclusion of corrections due to photon and or
gluon exchange for future work. In leading order the Chi-
ral Magnetic conductivity for an electromagnetic plasma

and quark gluon plasma are equal (up to a trivial factor
of Nc). Since we do not take into account higher order
corrections, some of our results for QCD will only be
a good approximation in the limit of very high tempera-
tures where the strong coupling constant αs is sufficiently
small.

We will take the metric gµν = diag(+,−,−,−).
The gamma matrices in the complete article satisfy
{γµ, γν} = 2gµν . We will use the notation p for both
the four-vector pµ = (p0,p) and the length of a three-
vector p = |p|.

II. KUBO FORMULA FOR CHIRAL
MAGNETIC CONDUCTIVITY

For small magnetic fields, the induced vector current
can be found using the Kubo formula. This formula tells
us that to first order in the time-dependent perturbation,
the induced vector current is equal to retarded correlator
of the vector current with the perturbation evaluated in
equilibrium. More explicitly, one finds that

〈jµ(x)〉 =
∫

d4x′ Πµν
R (x, x′)Aν(x′), (5)

where jµ(x) = eψ̄(x)γµψ(x) and the retarded response
function Πµν

R is given by

Πµν
R (x, x′) = i〈[jµ(x), jν(x′)]〉θ(t− t′). (6)

The equilibrium Hamiltonian is invariant under trans-
lations in time and space, therefore we can use that
Πµν

R (x, x′) = Πµν
R (x−x′). Let us take a vector field of the

following specific form Aν(x) = Ãν(p)e−ipx. The Kubo
formula now becomes,

〈jµ(x)〉 = Π̃µν
R (p)Ãν(p)e−ipx, (7)

where

Π̃µν
R (p) =

∫
d4x eipxΠµν

R (x). (8)

In order to compute the Chiral Magnetic conductiv-
ity we will take a time-dependent magnetic field pointing
in the z-direction. Because of Faraday’s law (∇ × E =
−∂B/∂t), such time-dependent magnetic field comes al-
ways together with a perpendicular electric field. Let
us choose a gauge such that the only component of the
vector field that is non-vanishing is Ay. Then Bz(x) =
∂xAy(x) so that B̃z(p) = ip1Ã2(p). Using Eq. (7) we
find that the induced vector current in the direction of
the magnetic field can now be written as

〈jz(x)〉 = σχ(p)B̃z(p)e−ipx, (9)

where the Chiral Magnetic conductivity equals

σχ(p) =
1

ip1
Π̃23

R (p) =
1

2ipi
Π̃jk

R (p)εijk. (10)

Recent progress: 
V.Rubakov, arXiv:1005.1888;
A. Gynther, K. Landsteiner, F. Pena-
Benitez, A. Rebhan,                  
arXiv:1005.2587 

CME current is the same at
strong and weak coupling

What carries the current 
at strong coupling? 



SpinSpin

Momentum Momentum

Left Right

CME in the chirally broken phase

G. Basar, G. Dunne, DK, arXiv: 1003.3464; PRL



“Quark-gluon
solenoid”,
Physics,
June 18, 2010



+

-

excess of positive
charge

excess of negative
charge

Electric dipole moment of QCD matter!
DK, Phys.Lett.B633(2006)260 [hep-ph/0406125]

Charge asymmetry w.r.t. reaction plane 
as a signature of local strong P violation





S.Esumi et al 
[PHENIX Coll]
April 2010

R. Lacey 
[PHENIX Coll]
Talk at “CP-odd”,
April 26-30, 2010



N. Ajitanand [PHENIX Coll], Talk @ BNL, Dec 2009



Are the observed fluctuations of charge asymmetries 
a convincing evidence for the local parity violation? 
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A number of open questions that still have to be clarified:

in-plane vs out-of-plane,              A. Bzdak, V. Koch, J. Liao,
new observables?                                  arXiv:0912.5050; 1005.5380

physics “backgrounds”               M. Asakawa, A. Majumder, B. Muller,
                                                                      arXiv:1003.2436
                                                                     S. Pratt and S. Schlichting, arXiv:1005.5341
                                                                     F. Wang, arXiv: 0911.1482
Fortunately, a number of analytical and numerical (lattice)
tools are available to theorists,
and the new data (low energy, PID asymmetries, U-U)
will hopefully come - this question can be answered! 



Topology of gauge fields, LPV, and 
the fragmentation of polarized quarks
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Z. Kang, DK, arXiv:1006.2132

P-odd:
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Z. Kang, DK, arXiv:1006.2132 

Cross section in e+e- annihilation:

“Collins
effect”

P-odd,
only
EbyE

Data and tests (Belle, RHIC) forthcoming:
M.Grosse-Perdekamp, A. Vossen,
A. Deshpande, ...



Summary

41

“Atoms” identified: quarks and leptons
 Geometry (gauge field dynamics)
 Void (the structure of the vacuum)

The next step: 
from particles (“atoms”) to fields (geometry)

The next decade presents us with 
a unique chance to pursue the centuries-old 
quest for understanding the structure of matter



QCD: understanding the dynamics 
of  gauge fields (geometry) 
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 Weak/vacuum fields
 Strong static fields 
 Real-time dynamics
 Gauge fields with boundary 
conditions/ event horizons
 Low-energy effective Theory 
of Everything: hydrodynamics
 Topology of gauge fields

 Spin, parton fragmentation
 Small x distributions in nuclei 
 EM probes, jets, heavy quarks
 Bulk behavior, soft photons 
and dileptons 
 Transport properties: shear 
and bulk viscosities, vorticity
 Local parity violation, spin

Problem Measurements at RHIC



Extra slides 
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Leucippus, V B.C.

Robert Boyle (1627–1691)

Democritus, ca 460 -370 B.C.

Atomism vs 
corpuscularianism:
are quarks and leptons 
the ultimate indivisible 
“atoms”of Nature? 

Page from alchemic treatise of 
Ramon Llull, 16th century
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Static strong color fields: 
nuclear gluon distributions at small x

At large rapidity y (small angle) expect 
suppression of hard particles!

The ratio
of pA and
pp cross
sections

transverse
momentum
DK, Levin, McLerran;
Albacete,Armesto,Kovner,
Wiedemann; DK,Kovchegov,
Tuchin
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Are the effects observed at forward rapidity 
due to parton saturation in the CGC?

•Back-to-back correlations for 
jets separated by several units 
of rapidity are very sensitive to 
the evolution effects
 (“Mueller-Navelet jets”)

and to the presence of CGC 

                                                                                               

Forward measurements at RHIC:
Do back-to-back correlations really disappear? 
                                            



47 T.Hatsuda

Topology in the Early Universe?



Magnetic field in M51:
Polarization of emission
Beck 2000

Magnetic fields are abundant
in the Universe at large scales:

3 µG field in Milky Way;

1-40 µG fields in 
clusters of galaxies

What is the origin of 
cosmic magnetic helicity?

Is the entire Universe chiral?
e.g. M.Longo, arXiv:0812.3437;
thanks to J.Bjorken
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Chiral magnetic spiral in the Early Universe?

Affleck-Dine baryogenesis


